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Abstract— A microgrid may be supplied from inertial (rotat-
ing type) and non-inertial (converter-interfaced) distributed ge-
nerators (DGs). However the dynamic response of these two 
types of DGs is different. Inertial DGs have a slower response 
due to their governor characteristics while non-inertial DGs have 
the ability to respond very quickly. The focus of this paper is to 
propose better controls using droop characteristics to improve 
the dynamic interaction between different DG types in an auto-
nomous microgrid. The transient behavior of DGs in the micro-
grid is investigated during the DG synchronization and load 
changes. Power sharing strategies based on frequency and vol-
tage droop are considered for DGs. Droop control strategies are 
proposed for DGs to improve the smooth synchronization and 
dynamic power sharing minimizing transient oscillations in the 
microgrid. Simulation studies are carried out on PSCAD for va-
lidation. 
 
Index Terms— Microgrid, Distributed power generation, 
Droop control, Power sharing, Synchronization 
I.  INTRODUCTION 
 Microgrid can supply power to small/medium sized ur-
ban housing communities or to large rural areas. It can be 
an economical, environment friendly and reliable way to 
supply power at distribution levels. The sources in a microgrid 
can be mainly classified as dispatchable or nondispatchable in 
terms of power flow control [1, 2]. The output power of dis-
patchable sources such as microturbines, fuel cells and bio-
diesel generators can be controlled to maintain the desired 
system frequency and voltage in an isolated microgrid. How-
ever, nondispatchable sources such as wind and PV, in which 
the output power depends on the environmental conditions, 
are expected to be mainly controlled on the basis of maximum 
power point tracking. 
Furthermore, the sources in a microgrid can also be classi-
fied as inertial and non-inertial depending on the way they are 
connected to the system. For example, a diesel generator and a 
hydro generator are inertial sources while the sources con-
nected through converters such as PV, fuel cell and batteries 
are non-inertial. A microgrid can operate either in grid con-
nected or islanded mode. The available power of all DG units 
should meet the total load demand for islanded operation; oth-
erwise load shedding need to be implemented. The control of 
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real and reactive power output of the sources is essential to 
maintain a stable operation in a microgrid, especially when it 
operates in the islanded mode. The frequency and voltage in 
an islanded microgrid should be maintained within defined 
standards. The frequency variations are very small in strong 
grids; however, large variations can occur in autonomous gr-
ids [3]. Thus power management strategies are vital for an 
autonomous microgrid in the presence of few small DG units, 
where no single dominant energy source is present to supply 
the energy requirement [4]. Also, fast and flexible power con-
trol strategies are necessary to damp out transient power oscil-
lations in an autonomous microgrid where no infinite source 
available [5]. 
Many researchers have addressed the operational, control 
and protection issues in microgrids [2, 6-9]. The real and reac-
tive power output of a generator can be independently con-
trolled by changing the voltage angle (based on frequency) 
and the magnitude respectively [10, 11]. Therefore, frequency 
and voltage droop controls are the most common methods 
used to share the real and reactive load power in a microgrid. 
However, the reactive power sharing among the DGs will not 
be precise as expected from the droop due to microgrid cable 
impedances [12]. 
Different droop controls and converter control strategies 
have been proposed. The control strategies required for con-
verter connected islanded microgird system is analyzed in 
[12]. A droop control based on the active and reactive current 
control is presented for parallel converters [10]. The control of 
parallel converters in a standalone ac power supply without 
the need of communication is presented in [13]. The response 
of microgrid in the presence of a diesel generator and a con-
verter interfaced DG has been investigated in [14]. The con-
trol of parallel converters for load sharing in a microgrid oper-
ated in both grid connected and islanded mode is presented 
[15]. In [16], droop based on angle is proposed to share the 
real power in a converter connected microgrid. 
The literature survey reveals that the most researchers have 
only considered the control of converter connected microgr-
ids. Little attention has been given so far to the control and 
operational aspects of hybrid microgrids, which consist both 
inertial and non-inertial sources. The purpose of this paper is 
to analyze the interaction of different types of sources during 
dynamic power sharing in an autonomous microgrid to pro-
pose better control strategies. Decentralized control of DGs, 
DG synchronization and load power sharing using frequency 
and voltage droop controllers are considered in this paper. 
Modified droop control strategies are proposed to improve the 
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existing droop control methods to minimize the transient os-
cillations. It has been assumed that no explicit communication 
system is present. Investigations are performed to improve the 
plug and play approach for different types of microgrid 
sources to minimize any transient oscillation using proposed 
droop control strategies. 
 
II.  REAL AND REACTIVE POWER SHARING IN A MICROGRID 
Both inertial and non-inertial sources can be present in a 
hybrid microgrid. These different types of sources can connect 
or disconnect to the network at any time. However, the dy-
namic behavior of inertial and non-inertial sources is different. 
The DGs connected through converters can respond very 
quickly by changing its output parameters. On the other hand, 
the response of a synchronous machine DG will be slower 
compared to the DGs connected through converters. Thus, 
dynamic power sharing of these two types of DGs will not be 
similar during a transient event. Therefore the investigation of 
transient behavior of these two different sources during gene-
rator synchronization and load changes will help to design and 
implement a stable operation in a microgrid. 
 In a conventional frequency droop control method, each 
DG in the system uses the frequency at its point of connection 
(PC) to inject the required amount of real power. Thus, the 
system frequency will act as the communication signal 
amongst the DGs to share the real power appropriately. The 
conventional frequency droop characteristic can be expressed 
as [10, 13, 17] 
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where f* is the instantaneous frequency setting for a generator 
considered, fr is the rated frequency of the system, Pr is the 
rated real power output of the generator and P* is the meas-
ured actual real power output of the DG. The droop coeffi-
cient is denoted by m. The frequency droop characteristic giv-
en in (1) is shown in Fig. 1. In this figure, isochronous fre-
quency range is denoted using the allowable minimum and 
maximum system frequency (i.e. fmin and fmax respectively). 
When a generator operates in frequency droop control mode, 
the system frequency can change between fmin and fmax depend-
ing on the value of real power output. A slower outer control 
loop can be used to shift the droop line vertically by changing 
the rated frequency to restore the steady state frequency to a 
standard value (i.e., load frequency control).  
The droop coefficient m can be calculated using defined 
values of minimum and maximum frequency and the rated 
real power output of the generator. When few generators with 
different capacities are operating in frequency droop control, 
each generator may have a unique value for the droop coeffi-
cient, m. The different droop coefficients allow sharing the 
total load power requirement among the generators according 
to a predefined ratio. For example, the total load power re-
quirement of a microgrid can be shared proportionally to rated 
real power output of each generator. 
The output voltage magnitude of a generator can be con-
trolled to change the reactive power supplied to the system. 
However in the presence of few generators, maintaining a 
voltage to a pre-defined value can cause the reactive power 
circulation amongst the sources. This aspect is crucial espe-
cially when a microgrid contains short line segments. The best 
solution to this problem is to implement voltage droop control 
in generators. Also the voltage droop control results in reac-
tive load power sharing in the microgrid. The conventional 
voltage droop control characteristic can be given by [10, 13] 
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where V* is the instantaneous voltage magnitude setting, Vr is 
the rated voltage of the microgrid system, Qr is the rated reac-
tive power output of the generator and Q* is the measured 
actual reactive power output. The voltage droop coefficient is 
denoted by n. The voltage droop characteristic given in (2) is 
shown in Fig. 2. In this figure, the minimum and maximum 
allowable voltages in the system are represented by Vmin and 
Vmax respectively. The voltage droop coefficient can be calcu-
lated using the generator rated reactive power output and min-
imum and maximum voltage levels. 
 
 
Fig. 1. Frequency droop characteristic of a generator. 
 
 
Fig. 2. Voltage droop characteristic of a generator. 
The frequency and voltage droop controls in (1) and (2) can 
be employed in each dispatchable generator to maintain the 
microgrid frequency and voltage within the specified stan-
dards. However, the nondispatchable generators in the micro-
grid are operated in maximum power tracking mode to en-
hance the benefits of renewable energy sources.  
In this paper, the interaction between different types of DGs 
in an autonomous microgrid is investigated by means of droop 
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control strategies considering transient response and dynamic 
power sharing ability. It is assumed that a microgrid can con-
sist of only inertial sources or only non-inertial sources or 
both. The effect of employed droop control is also considered 
during DG synchronization into the microgrid. 
III.  MICROGRID OPERATION STUDIES 
Consider the microgrid system shown in Fig. 3. Two DGs, 
DG1 and DG2 are connected at BUS-1 and BUS-3 respective-
ly. The real and reactive power output of DG1 and DG2 are 
denoted by P1, Q1 and P2, Q2 respectively. The DG circuit 
breakers are used for synchronization and isolation purposes. 
Two loads, load1 and load2 are connected at BUS-2 and 
BUS-4. The system parameters are given in Table 1. It is to be 
noted that each DG and load in the microgrid are connected 
through a short line segment. The microgrid is modeled in 
PSCAD for simulation. 
 
 
Fig. 3. Schematic diagram of two DGs sharing loads. 
TABLE 1 SYSTEM PARAMETERS 
System data Value 
System frequency 50 Hz 
System voltage  0.415 kV rms (L-L) 
DG1 power rating (12 + j 8) kVA 
DG2 power rating (15 + j 10) kVA 
Feeder impedance (Z12=Z23) (0.025+ j 1.2566) Ω 
load1 impedance (15+ j 11.781) Ω 
load2 impedance (20+ j 15.708) Ω  
Frequency droop coefficient (Hz/kW) m1=33.33, m2= 41.67 
Voltage droop coefficient (V/kVAR) n1=1.2, n2=1.5 
 
Two types of DGs: inertial and non-inertial are considered 
in the microgrid simulation. The frequency and voltage droops 
are employed to control and share the real and reactive power 
output of each DG in the microgrid. Depending on the loading 
condition, the droop controller will calculate the operating 
frequency for each DG. The droop coefficients for each DG 
are selected to control the frequency within isochronous fre-
quency range (here it is selected as ± 0.25 Hz) and voltage 
within the ± 6% of nominal value while sharing the real and 
reactive power amongst loads proportional to the DG capaci-
ty. It is to be noted that the primary aim is to study the tran-
sient behavior of sources in a microgrid. Therefore no attempt 
has been made to restore the frequency to the nominal value 
by shifting droop line vertically using a slower control loop. 
Three case studies are considered to analyze the interaction 
amongst different types of DGs using conventional droop con-
trol characteristics given in Section II. A diesel generator is 
selected to represent the inertial DG while a three phase con-
verter supplied by ideal DC voltage source is selected to 
represent the non-inertial source. In the first case, the behavior 
of inertial DGs is analyzed. The response of microgrid with 
non-inertial DGs is presented next. Finally, both inertial and 
non-inertial DGs are considered to propose better drop control 
strategies for a hybrid microgrid. The interaction between 
DGs during synchronization and load changes is shown. The 
simulation results for the three cases mentioned above are 
presented below. 
 
A.  Droop Control with Only Inertial DGs 
 
In this study, it is assumed that DG1 and DG2 are inertial 
sources based on diesel generators. Each generator consists of 
an internal combustion (IC) engine coupled to a synchronous 
generator. The schematic diagram of a diesel generator is 
shown in Fig. 4. The IC engine is integrated with a governor 
for controlling the output speed of the engine shaft by adjust-
ing the amount of fuel supplied to the engine. Once the fre-
quency droop of the diesel generator is activated, the IC en-
gine maintains the required output shaft speed to a value re-
quested by the droop. Also the diesel generator is incorporated 
with an exciter and a voltage regulator to control the output 
terminal voltage. The required value for the regulated voltage 
can be set based on the voltage droop. Diesel generators have 
been modeled with appropriate component dynamics in 
PSCAD. The parameters for modeling the IC engine and ge-
nerator are obtained from a manufacturer [18]. The parameters 
of the first diesel generator (i.e. DG1) is given in Appendix-A. 
 
 
Fig. 4. The schematic diagram of a diesel generator 
 
It is evident from the experimental and simulation results 
obtained in a diesel generator connected microgrid, there are 
frequency and real power fluctuations during transient events 
due to the governor response [14]. Therefore, in this section, 
dynamic response amongst only diesel generators is investi-
gated. To analyze the generator synchronization, it is assumed 
that DG1 is connected to the system supplying both load1 and 
load2, while the microgrid is operating in autonomous mode. 
DG2 is then synchronized to the microgrid using the circuit 
breaker CBDG2. During the synchronization, the voltage mag-
nitude of incoming generator (i.e. DG2) is adjusted to the val-
ue equal to the PC. Then the phase angle of DG2 and the fre-
quency are adjusted to match the values at PC. Next, CBDG2 is 
closed at the point of voltage zero crossing. In the simulation, 
DG2 is connected to the microgrid at 26.593s once the syn-
chronization conditions are satisfied. After the DG2 connec-
tion, both DGs operate in frequency and voltage droop sharing 
the load power in the microgrid. 
The real and reactive power sharing before and after the 
connection of DG2 is shown in Fig. 5. It can be seen that DG2 
starts supplying the real and reactive power after the connec-
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tion. The variation of DG frequency setting based on droop 
(i.e. the frequency calculated from the droop equation) is 
shown in Fig. 6. Just before the synchronization, DG1 main-
tains the microgrid frequency in droop control and the fre-
quency of DG2 is adjusted to the PC frequency (i.e. equal to 
DG1 droop frequency) for synchronization purpose. However, 
once the DG2 is connected, its frequency changes to no load 
frequency since real power output is zero at the moment of 
connection. DG2 then starts to inject real power causing droop 
frequency to decrease gradually. On the other hand, real pow-
er output of DG1 gradually decreases as DG2 is injecting 
power to the microgrid. Finally the system comes to the steady 
state after about 12 seconds. The droop coefficients, given in 
Table 1, are selected to supply the load power proportional to 
the DG capacity. In the steady state, the ratio of real power 
output between two DGs is 1.25. This is in accordance with 
the ratio of real power ratings of these two DGs given in Ta-
ble 1. The output currents of DG1 and DG2 during and after 
the synchronization are shown in Fig. 7. 
From Figs. 4 and 5, transient oscillations can be seen in fre-
quency and real power waveforms after DG2 is connected to 
the microgrid. The system oscillations are further demonstrat-
ed by the DG output currents shown in Fig. 7. These DGs 
inject currents at slightly different frequencies until the steady 
state droop point is achieved. The main reason for these oscil-
lations is the slower governor response of these inertial gene-
rators. The output speed/frequency of each generator cannot 
be changed instantly according to the value requested from the 
frequency droop. 
 
 
Fig. 5. Real and reactive power sharing amongst inertial DGs. 
 
Fig. 6. The variation of DG droop frequencies of inertial DGs. 
 
Fig. 7. The variation of DG output currents in phase A. 
Also, the absence of a single strong source (such as utility 
grid) in an islanded microgrid, these frequency oscillations 
manifest more vigorously. In this microgrid configuration, the 
two diesel generators are separated by a small line segment, 
which further limits the damping oscillations. Therefore, a 
method is proposed to minimize the oscillations during gene-
rator synchronization with the aid of a droop controller. The 
proposed droop controller is only used during incoming gene-
rator (i.e. for DG2) synchronization. It is to be noted that only 
the existing damping control of diesel generators are used and 
no specific damping controller is implemented. 
The proposed droop control is obtained by changing the 
frequency setting of incoming generator from the PC frequen-
cy to the droop frequency with a time constant of governor 
characteristic in the generator. The characteristic for smooth 
droop transfer can be then implemented by modifying (1) as 
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where fd is the droop frequency of the incoming DG, fpc is the 
measured frequency at PC and Tp is the time constant chosen 
to reach the droop frequency from the PC frequency. The time 
t is measured after the DG circuit breaker is closed. us(t) is the 
unit time step function. The term inside the square brackets 
will be zero after the time Tp elapses, forcing the last term of 
(3) to be zero. Therefore the frequency of the incoming DG 
will be equal to droop frequency calculated from (1). The val-
ue of Tp is selected according to the diesel generator dynam-
ics. According to (3), an ellipsoidal shape is selected to reach 
the droop frequency from the PC frequency. This shape is 
selected because the rate of frequency increase towards droop 
becomes higher with the elapsed time. However, this will only 
be active for a defined time period (Tp) after the DG connec-
tion. 
The simulation study performed before is repeated while 
applying the modification in the droop control given in (3) to 
the incoming DG2. Fig. 8 shows the response of real and reac-
tive power output of DG1 and DG2. It can be seen that DG2 
increases its output power gradually minimizing the power 
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fluctuations. The variation of DG frequency during and after 
the synchronization is shown in Fig. 9. It shows the DG2 fre-
quency increases gradually until it reaches the droop frequen-
cy. Thus, the proposed droop helps incoming diesel generator 
to connect smoothly, thus minimizing frequency and power 
fluctuations in the autonomous microgrid. 
 
 
Fig. 8. Real and reactive power sharing amongst inertial DGs. 
 
Fig. 9. The variation of DG droop frequency of inertial DGs. 
B. Droop Control with Only Non-Inertial DGs 
 
The same microgrid structure shown in Fig. 3 is also consi-
dered in this case, except that both DG1 and DG2 are now 
non-inertial sources connected through converters. Further-
more, the DG capacities and feeder impedances also remain 
the same. Initially, DG1 supplies load1 operating in frequency 
and voltage droop according to (1) and (2) respectively. DG2 
is connected at 5.262 s once synchronizing conditions are sa-
tisfied. Subsequently, load2 is connected to the microgrid at 
7.0 s. 
The real and reactive load power sharing of DGs are shown 
in Fig. 10. DG2 starts to inject real power soon after the con-
nection to the microgrid. DG2 further increases the output 
power once load2 is connected. However, it can be seen that 
the system attains steady state within 0.2 s after either DG2 
synchronization or the load change. Also, the DGs share the 
real power more precisely according to the generator ratings 
(i.e. 1.25).  
 
 
Fig. 10. The real and reactive power sharing with non-inertial DGs. 
The variation of DG frequencies is shown in Fig. 11. After 
DG2 synchronization, DG2 frequency changes to no load fre-
quency as calculated by the droop and then it reaches to 
steady state system frequency within one second. However, no 
frequency and real power fluctuations can be observed unlike 
the case of two diesel generators. The interaction between 
these two non-inertial DGs during synchronization and load 
change is smooth. Since converters can respond quickly, they 
have the ability to reach the steady state rapidly. 
 
 
Fig. 11. The variation of droop frequency of non-inertial DGs. 
It can thus be concluded that if the microgrid only contains 
converter connected DGs, conventional frequency and voltage 
droop given in (1) and (2) can be used to share the real and 
reactive power without any appreciable transient oscillations. 
 
C. Droop Control with both Inertial and Non-Inertial DGs 
 
In this case, the interaction amongst inertial and non-inertial 
DGs in the microgrid is investigated. From the experimental 
results, frequency oscillations in a microgrid have been ob-
served due to controller employed in the diesel generator [14]. 
Therefore, especially, in the case of mixed generation sources, 
the inertial generator cannot change its output frequen-
cy/power instantly unlike the converter interfaced DGs. 
Therefore, the slower response of diesel generator can initiate 
frequency and real power fluctuations in the autonomous mi-
crogrid. In this section, control strategies based on droop for a 
non-inertial DG is proposed to minimize these oscillations in a 
hybrid microgrid. 
The same microgrid structure, as shown in Fig. 3, is consi-
dered. It is assumed that DG1 is an inertial DG, while DG2 is 
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non-inertial. In the simulation, load2 is assumed to be equal to 
load1. Furthermore, it is assumed that DG1 is connected to the 
microgrid supplying load1 operating in frequency and voltage 
droops. DG2 is synchronized to the microgrid at 3.5 s. Subse-
quently, load2 is connected to the microgrid at 6 s. 
The real and reactive load power sharing amongst DG1 and 
DG2 is shown in Fig. 12. DG2 starts to inject real power after 
its connection. However, it cannot increase the real power 
output quickly since DG1 responds slowly. Thus, the system 
takes 2-3 seconds to come to the steady state. The variation of 
DG frequencies is shown in Fig. 13. 
 
 
Fig. 12. Real and reactive power sharing with inertial and non-inertial DGs. 
 
Fig. 13. The variation of DG droop frequency settings 
These results show the frequency and real power fluctua-
tions when either DG2 or load2 is connected. However, the 
magnitude of these fluctuations is low compared to the case 
where both inertial DGs are present. 
To minimize the transient oscillations in the presence of 
both inertial and non-inertial sources, an angle based droop 
controller is proposed for a converter interfaced DG since the 
converter can change its output voltage angle instantaneously. 
Therefore, instead of droop frequency control, a correspond-
ing angle is set for the converter output voltage. The angle 
calculation corresponding to the angle droop control is ex-
plained in Appendix-B. As explained in this appendix, the 
angle for the converter output voltage can be calculated using 
 
⎥⎥⎦
⎤
⎢⎢⎣
⎡ −= *
*
2
f
ff rπφ                   (4) 
where fr is the rated frequency and f* is the droop frequency.  
A phase lock loop (PLL) is used at PC to set the frequency 
for each DG converter voltage. The voltage reference for the 
converter is selected based on the PC frequency and calcu-
lated angle from (4). For example, the reference voltage set-
ting for phase A can be given as 
 
)2( φπ += tfSinVV pcma                (5) 
 
where Vm is the voltage magnitude calculated from the voltage 
droop in (2), fpc is the PLL frequency and φ  is the angle cal-
culated from (4). It is to be noted that the proposed method is 
only applicable if there is at least one inertial DG already con-
nected to the microgrid. Since the microgrid frequency is 
mainly controlled by the inertial sources, the reference fre-
quency of the non-inertial DG is basically controlled by them. 
Therefore, to avoid any transient oscillation, the PC frequency 
is used for reference voltage calculations. 
The real and reactive power sharing amongst DG1 and DG2 
is shown Fig. 14 after implementing angle droop control in 
DG2 according to (5). It is evident that there are no frequency 
and power oscillations during the synchronization and load 
change. However, it can be noticed that the accuracy of power 
sharing between the inertial DG and non-inertial DG is not as 
precise as that obtained from the conventional frequency 
droop. 
 
 
Fig. 14. Power sharing with modified droop based on angle. 
 
To improve the real power sharing amongst these DGs, the 
proposed droop controller is further improved by introducing 
an integration process to reach the steady state droop point in 
the system. In the proposed modification, the error between 
calculated droop frequency in (1) and measured frequency at 
PC is passed through an integrator to force the frequency to 
reach the steady state droop point. This is given by 
 
∫ −+= ∗∗ dtffff pcd )(                (6) 
 
where fd is the modified droop frequency setting for the DG, 
f* is droop given in (1) and fpc is the PLL frequency at PC. 
The angle (φ ) corresponding to modified droop frequency fd 
in (6) is calculated using (4). The time constant of the integra-
tor is selected according to the inertial DG dynamics. The 
power sharing of DGs after deploying the proposed frequency 
 7
droop in (6) and angle setting in (5) is shown in Fig. 15. Ac-
cording to this, the accuracy of power sharing has improved 
and the transient oscillations are avoided. 
 
 
Fig. 15. Real and reactive power sharing with integral droop. 
 
It can therefore be concluded that in the presence of both 
inertial and non-inertial sources in a microgrid, conventional 
frequency droop can initiate frequency and real power oscilla-
tions during the synchronization and load changes. Therefore, 
angle droop controller is proposed for a converter based DG 
to avoid these oscillations. It is shown that an integration 
process can be used to improve the real power sharing 
amongst these inertial and non-inertial sources. 
IV.  CONCLUSIONS 
In this paper, the dynamic interaction amongst different 
types of DGs is analyzed in an autonomous microgrid during 
DG synchronization and load changes. The study is carried 
out to propose better controls using droop characteristics to 
improve the dynamic response of the microgrid. The microgr-
id has been assumed to contain both inertial and non-inertial 
sources. In the case of inertial sources, a modified droop con-
troller is introduced for incoming generator to smoothly reach 
the droop frequency after synchronization, thereby minimizing 
the frequency and real power oscillations.  
In the presence of both inertial and non-inertial sources, an 
angle droop controller based on the frequency is proposed for 
non-inertial source to minimize the transient oscillations dur-
ing synchronization and load changes. Moreover, an integral 
process towards system steady state frequency droop line is 
introduced for non-inertial DG to further improve the real 
power sharing accuracy in a hybrid microgrid. 
 
V.  REFERENCES 
[1] S. J. Ahn, J. W. Park, I. Y. Chung, S. I. Moon, S. H. Kang, and S. R. 
Nam, "Power-Sharing Method of Multiple Distributed Generators 
Considering Control Modes and Configurations of a Microgrid," IEEE 
Trans. Power Delivery, vol. 25, pp. 2007-2016, 2010. 
 
[2] F. Katiraei, R. Iravani, N. Hatziargyriou, and A. Dimeas, "Microgrids 
management," IEEE Power & Energy Magazine, vol. 6, pp. 54-65, 2008. 
[3] J. Svensson, "Synchronisation methods for grid-connected voltage source 
converters," IEE Generation, Transmission and Distribution, vol. 148, 
pp. 229 - 235, 2001. 
[4] F. Katiraei and M. R. Iravani, "Power management strategies for a 
microgrid with multiple distributed generation units," IEEE Trans. Power 
Systems, vol. 21, pp. 1821-1831, Nov. 2006. 
[5] M. Shahabi, M. R. Haghifam, M. Mohamadian, and S. A. Nabavi-Niaki, 
"Dynamic Behavior Improvement in a Microgrid with Multiple DG Units 
Using a Power Sharing Approach," in Proc. IEEE Bucharest Power Tech 
Conference, 2009. 
[6] T. C. Green and M. Prodanović, "Control of Inverter-based Micro-grids," 
Electric Power Systems Research, vol. 77, pp. 1204-1213, July 2007. 
[7] Z. H. Jiang and X. W. Yu, "Active Power - Voltage Control Scheme for 
Islanding Operation of Inverter-Interfaced Microgrids," in Proc. IEEE 
Power & Energy Society General Meeting, pp. 1738-1744, 2009. 
[8] J. A. P. Lopes, C. L. Moreira and A. G. Madureira, "Defining Control 
Strategies for MicroGrids Islanded Operation," IEEE Trans. Power 
Systems, vol. 21, pp. 916-924, 2006. 
[9] H. H. Zeineldin, E. F. El-Saadany and M. M. A. Salama, "Distributed 
Generation Micro-Grid Operation: Control and Protection," in Proc. IEEE 
Power Systems Conf.: Advanced Metering, Protection, Control, 
Communication, and Distributed Resources, 2006. 
[10] K. D. Brabandere, B. Bolsens, J. V. d. Keybus, A. Woyte, J. Driesen, and 
R. Belmans, "A Voltage and Frequency Droop Control Method for 
Parallel Inverters," IEEE Trans. Power Electronics, vol. 22, pp. 1107 - 
1115, 2007. 
[11] L. Zhang, L. Harnefors and H.-P. Nee, "Power-Synchronization Control 
of Grid-Connected Voltage-Source Converters," IEEE Trans. on Power 
Systems, vol. 25, pp. 809 - 820, 2010. 
[12] J. A. P. Lopes, C. L. Moreira and A. G. Madureira, "Defining control 
strategies for microgrids islanded operation," IEEE Trans. Power 
Systems, vol. 21, pp. 916-924, May 2006. 
[13] M. C. Chandorkar, D. M. Divan and R. Adapa, "Control of parallel 
connected inverters in standalone AC supply systems," IEEE Trans. 
Industry Applications, vol. 29, pp. 136 - 143 1993. 
[14] S. Krishnamurthy, T. M. Jahns and R. H. Lasseter, "The Operation of 
Diesel Gensets in a CERTS Microgrid," in Proc. IEEE Power & Energy 
Society General Meeting, 2008. 
[15] R. Majumder, A. Ghosh, G. Ledwich, and F. Zare, "Control of parallel 
converters for load sharing with seamless transfer between grid connected 
and islanded modes," in Proc. IEEE Power and Energy Society General 
Meeting, 2008. 
[16] R. Majumder, A. Ghosh, G. Ledwich, and F. Zare, "Angle Droop Versus 
Frequency Droop in a Voltage Source Converter Based Autonomous 
Microgrid," in Proc. IEEE Power & Energy Society General Meeting, 
2009. 
[17] R. Majumder, F. Shahnia, A. Ghosh, G. Ledwich, M. Wishart, and F. 
Zare, "Operation and Control of a Microgrid Containing Inertial and Non-
Inertial Micro Sources," in Proc. IEEE Region 10 Conference (Tencon), 
Singapore, 2009. 
[18] Available online at http://www.olympianpower.com/olympian-diesel-
gensets 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 8
APPENDIX-A: DIESEL GENERATOR PARAMETERS 
Rated voltage 415V 
Rated power 12kW, 14.4kVA 
Rated frequency 50Hz 
Rated speed 1500rpm 
Reactance Value (per unit) 
Xd 2.26 
X'd 0.15 
X''d 0.060 
Xq 0.13 
X''q 0.107 
X2 0.91 
X0 0.005 
Time constants Value (ms) 
t'd 25 
t'' 25 
t'd0 368 
ta 4 
APPENDIX-B: DG VOLTAGE ANGLE CALCULATION 
Let the rated frequency of the system be denoted by fr while 
the calculated droop frequency for a DG using frequency 
droop be denoted by f*. The droop frequency, f* represents 
the amount of frequency deviation from its rated value. The 
variation of angular frequency vectors related to fr and f* is 
shown in Fig. B.1. It can be seen that angular vector corres-
ponding to fr reaches 2π at time t1 while angular vector related 
to f* reaches 2π at time t2. In this figure, it is assumed that fr > 
f*. 
 
 
Fig. B.1 The variation of angular vectors 
From Fig. B.1 we can write 
 
2
*
1 222 tftfr πππ ==                (B.1) 
 
The angular vector related to the droop frequency can be ex-
pressed in terms of rated frequency and an angle difference φ  
such that the condition in (B.1) is satisfied. Then it can be 
written as 
 
φππ += 22* 22 tftf r              (B.2) 
 
Using (B.1) and (B.2), the angle difference can be calculated 
as 
 
⎟⎟⎠
⎞
⎜⎜⎝
⎛ −= *
*
2
f
ff rπφ                  (B.3) 
 
Therefore the required angle corresponding to the droop fre-
quency can be found using the rated frequency and calculated 
droop frequency. The reference voltage generation of each 
phase of the converter is then performed with the aid of angle 
in (B.3). 
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